INTRODUCTION
Ribosomally encoded and posttranslationally modified peptides (RiPPs) have been found in plants, bacteria, fungi, and animals (Arnison et al., 2013; Umemura et al., 2014) . A common posttranslational modification of RiPPs is backbone macrocyclization. Known natural macrocyclized peptides include the cyanobactins from marine bacteria (Donia et al., 2006) and the orbitides and cyclotides from plants (Craik and Malik, 2013) . Cyclization confers several critical attributes to peptides, including increased rigidity, enhanced membrane permeability, and resistance to proteolysis and denaturation (Craik and Allewell, 2012) . As a result, many cyclic peptides have potent biological activities against a wide range of medically and ecologically significant targets (Bockus et al., 2013; Giordanetto and Kihlberg, 2014; Walton, 1996) .
The amatoxins, such as a-amanitin, and the phallotoxins, such as phalloidin, are among the most notorious of known naturally occurring cyclic peptides. Amatoxins account for the majority of fatal mushroom poisonings of humans and other sensitive mammals (Bresinsky and Besl, 1990; Enjalbert et al., 2002; Kaneko et al., 2001; Sgambelluri et al., 2014; Wieland, 1986) . Amatoxins are defining inhibitors of eukaryotic RNA polymerase II (Bushnell et al., 2002) .
Structurally, the amatoxins are bicyclic octapeptides with Cto-N (head-to-tail) condensation of the peptide backbone and a cross-bridge between Trp and Cys, which dipeptide has the trivial name tryptathionine (May and Perrin, 2007) (Figure 1) . Three of the amino acids (Trp, Pro, and Ile) are hydroxylated. Phallotoxins also contain tryptathionine but their macrocycles comprise only seven amino acids. Amatoxins are resistant to all forms of cooking, are not inactivated in the mammalian digestive tract, and are rapidly absorbed into the bloodstream and across the plasma membrane. Because these traits are also desirable properties of beneficial drugs, the amatoxin scaffold could provide the basis for new pharmaceuticals (Craik and Allewell, 2012; Giordanetto and Kihlberg, 2014; Wong et al., 2012) .
a-Amanitin is biosynthesized ribosomally as a 35-amino acid propeptide in Amanita bisporigera and in the distantly related mushroom Galerina marginata (Hallen et al., 2007; Luo et al., 2012; Riley et al., 2014) . The genomes of A. bisporigera and other amatoxin-producing species of Amanita species contain >50 sequences homologous to the core gene, AMA1, called the MSDIN family (Hallen et al., 2007; Li et al., 2013 Li et al., , 2014 Zhou et al., 2013) .
The amino acids of the mature toxins are located within the propeptides between two conserved Pro residues. An enzyme capable of cleaving the propeptide at both Pro residues was purified from the phallotoxin-producing mushroom Conocybe albipes and identified as a member of the prolyl oligopeptidase (POP) family of serine proteases (Fü lö p et al., 1998; Luo et al., 2009; Szeltner and Polgá r, 2008) . However, the POP of C. albipes produced only linear peptide, leaving the mechanism of head-to-tail macrocyclization an open question.
The enzymological basis of macrocyclization has been elucidated for several other RiPPs. A protease that cuts at a conserved Asn residue in the precursor to the cyclotide kalata B1 is necessary for cyclization (Saska et al., 2007) . Cyclization of patellamide, a cyanobactin, is catalyzed by PatG (Agarwal et al., 2012; Koehnke et al., 2012; Lee et al., 2009 ). Cyclization of the orbitide segetalin A is catalyzed by PCY1 (Barber et al., 2013) . PCY1 is, like POPB, a member of the S9A family of serine proteases. Butelase 1 is a cyclizing enzyme that can cyclize a variety of peptides of 14 to 58 residues (Nguyen et al., 2014) .
A. bisporigera and G. marginata each have two POP genes, known as POPA and POPB. POPB of G. marginata (GmPOPB) and POPB of A. bisporigera (AbPOPB) are present only in amatoxin-producing species in each genus, whereas the POPA genes are present in all species of Amanita and Galerina as well as other agarics (Luo et al., 2010 (Luo et al., , 2012 . GmPOPB is clustered with one of two copies of GmAMA1 (Riley et al., 2014) . Collectively, these observations suggested that POPB is involved in, and dedicated to, the biosynthesis of, a-amanitin and that it catalyzes cleavage of the toxin propeptides to release the mature octa-or heptapeptides. However, direct proof of a role of POPB in amatoxin and phallotoxin biosynthesis is lacking, and no evidence addresses its possible role in macrocyclization.
RESULTS

Targeted Mutation of GmPOPB
A transformation system using Agrobacterium tumefaciens and hygromycin selection was developed based on a method developed for Laccaria bicolor Pardo, 2010, 2011) . The POPB gene was disrupted by targeted gene replacement in a monokaryotic strain of G. marginata. Four independent POPB-knockout mutants generated by homologous integration of the transforming DNA were shown by Southern blotting to be deleted for GmPOPB (Figures S1A and S1B available online). All four mutants lost the ability to produce amanitin, as shown for transformant 1 ( Figure S1C ). The GmPOPB mutant had no other discernible phenotype such as a change in growth rate or pigmentation.
Expression and Assay of GmPOPA and GmPOPB in Yeast GmPOPB protein was expressed in Saccharomyces cerevisiae and purified on an anti-c-myc peptide antibody affinity column ( Figure S1D ). GmPOPA protein was also expressed in S. cerevisiae ( Figure S1D ). GmPOPA showed good activity against the chromogenic substrate Z-Gly-Pro-pNA (176 ± 5 mmol p-nitroaniline/min/mg protein), which is comparable with published values for POP from lamb kidney (Koida and Walter, 1976) , but GmPOPB showed much weaker activity (10 ± 2 mmol/min/mg). Versions of GmPOPB expressed without the c-myc tag or with an N-terminal c-myc tag were also expressed in yeast, but they had the same poor activity (data not shown).
GmPOPA and GmPOPB were also assayed using the 35-amino acid a-amanitin precursor (GmAMA1) as substrate. GmPOPB converted GmAMA1 to a series of products consistent with cleavage at either one or both flanking Pro residues ( Figures  2A and 2B ). Another major product had a mass and retention time identical to synthetic cyclo(IWGIGCNP) ( Figure 2C ). In a time-course experiment, conversion of the 35-mer to the putative cyclic product progressed to near completion in 50 min ( Figure 3A) . The 25-mer intermediate accumulated transiently (Figure 3B ). This indicates that GmPOPB catalyzed two nonprocessive reactions: hydrolysis at the carboxyl side of the first Pro and transpeptidation of the new N-terminal residue (Ile) to the second Pro, with release of the C-terminal 17-amino acid peptide ( Figure 3C ).
POPA hydrolyzed the 25-amino acid intermediate but not the full-length 35-amino acid propeptide ( Figures S2A-S2D ). In neither case was any cyclo(IWGIGCNP) produced. Mammalian POP, obtained commercially, could also neither cleave GmAMA1 nor cyclize either GmAMA1 or the 25-amino acid intermediate (data not shown).
Proof of the Structure of the Cyclic Product by Nuclear Magnetic Resonance Spectroscopy A large-scale reaction using purified GmPOPB and 10 mg of GmAMA1 was used to produce 1.5 mg of the putative cyclic product. All 1 H and 13 C atoms in the product were assigned using correlation spectroscopy (COSY), total correlation spectroscopy (TOCSY), heteronuclear single-quantum correlation (HSQC) spectroscopy, and heteronuclear multiple-bond correlation (HMBC) NMR spectroscopy (Figures S3A and S3B) . A signal from the free thiol proton of Cys indicated that the product did not contain an internal thioester ( Figure S3C ). Rotating-frame nuclear Overhauser effect correlation spectroscopy (ROESY) indicated that the Ile1-HN and Pro8-Ha atoms were positioned within $5 Å of each other ( Figure S3D ), and HMBC NMR spectroscopy indicated through-bond coupling of Ile-1 HN to Pro8-13 CO (i.e., the presence of a new amide bond) ( Figure S3E ). Taken together, the structural evidence proved that the compound produced by the action of pure GmPOPB on the 35-amino acid GmAMA1 propeptide was cyclo(IWGIGCNP).
Substrate Requirements of GmPOPB
Synthetic peptides were tested with pure recombinant GmPOPB to explore its substrate structural requirements (Table 1) . Consistent with the fact that GmPOPB also catalyzes removal of the N-terminal 10 amino acids in a nonprocessive manner, the resulting 25-amino acid product of this first reaction (Table 1, substrate 2) was cyclized to completion.
Truncating the N terminus by four amino acids led to a sharp decrease in efficiency of cyclization due to failure to cut at the first Pro (Table 1 , substrate 3). Therefore, the sequence and/or length of the N terminus is important for recognition by GmPOPB. Five amino acids (ATRLP) immediately upstream of the toxin region are shared in common between AbAMA1 and GmAMA1 ( Figure S4A ). Changing this region to either AAAAP or ATAAP was sufficient to reduce, but not completely abolish, cyclization (Table 1 , substrates 4 and 5).
To investigate the role of the C-terminal region in macrocyclization, two peptides truncated in the C terminus were synthesized. They were both cut by GmPOPB at the first Pro, but neither was cut at the second Pro or cyclized, indicating that the C terminus is important for complete processing (Table 1 , substrates 6 and 7). Because the primary sequences of the C-terminal regions of GmAMA1 and AbAMA1 are quite different ( Figure S4A ), we investigated their secondary structures. Both C domains are predicted to form an a helix (Figures S4A and S4B). Consistent with secondary structure rather than primary structure being important, GmPOPB efficiently cyclized AbAMA1, indicating that the critical features that are necessary for cyclization are conserved in AbAMA1 (Table 1 , substrate 12) (Figures S2E and S2F) . To test specifically whether the putative a helix is critical, selected residues within the helix region were changed to Gly, an amino acid that tends to disrupt a helix formation (Table 1 , substrates 8-10). All three modifications (i.e., introduction of one, two, or three Gly residues) resulted in drastic reduction of cyclization efficiency.
The terminal Cys is conserved in GmAMA1 and AbAMA1 ( Figure S4A ). Changing this amino acid to Ala resulted in a product that was cleaved at the first Pro but not at the second Pro or cyclized (Table 1, 
substrate 11).
A. bisporigera, but not G. marginata, also biosynthesizes phallotoxins from genes in the MSDIN family. GmPOPB did not efficiently cleave the phallacidin propeptide from A. bisporigera, even at the first Pro (Table 1, substrate 13). This suggests that the ''toxin'' region (i.e., the region between the two Pro residues) might be involved in binding to the active site of GmPOPB, but more peptides will need to be tested to confirm this. A carboxy-truncated version of AbPHA1 was cut effectively at both Pro residues, but no cyclization occurred (Table 1 , substrate 14). This result was unexpected, because GmPOPB did not cut two carboxy-truncated versions of GmAMA1 (substrates 6 and 7) at the second Pro. Perhaps the precise length of the C-terminal overhang is critical for the proteolytic cleavage and/or cyclization at the second Pro.
GmPOPB Enzyme Kinetics
The enzyme kinetic constants of GmPOPB with both the 35-mer and the 25-mer as substrates were determined by measuring the rate of cyclic product formation by high-performance liquid chromatography (HPLC) (Figures S4C and S4D ). The K m and k cat for the 35-mer were 25.5 mM and 5.6 s À1 , respectively. The K m and k cat for the 25-mer were 23.2 mM and 5.7 s À1 . The similarity of the values of the kinetic constants for the two substrates implies that the overall conversion of the 35-mer to the cyclic octapeptide is Sequence Comparisons of POPA and POPB from G. marginata and A. bisporigera The POPB enzymes of G. marginata and A. bisporigera are 75.5% identical, the two POPAs are 65.7% identical, and the average identity between the POPAs and the POPBs of the two fungi is 57.6% ( Figure S4E ). The homology among the four POPs is roughly distributed throughout the proteins, as are the differences between the POPAs and the POPBs. GmPOPB is 
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Peptide Cyclization by Prolyl Oligopeptidase PatG, GmPOPB and AbPOPB lack any apparent sequence or structural motifs that could account for their unique enzymatic properties ( Figure S4E ).
DISCUSSION
A dedicated POP, GmPOPB, cleaves the 35-amino acid amanitin propeptide at two internal Pro residues, and the second cleavage is a transpeptidation reaction between Ile and Pro to produce the cyclic octapeptide found in the mature toxin. The mushroom system has similarities and differences to other peptide macrocyclases (Agarwal et al., 2012; Barber et al., 2013; Nguyen et al., 2014) . One common theme is that the precursors include leader or follower amino acids that are required for cyclization (Oman and van der Donk, 2010) . A second common theme is that the propeptides in whose processing POPB, PCY1, and PatG are involved require two proteolytic reactions in going from the primary translation products to the final cyclic peptide product. However, in the case of PCY1 and PatG, two separate enzymes catalyze the two proteolytic reactions, whereas POPB catalyzes both in a-amanitin biosynthesis. The comparison of POPB with PCY1 is especially intriguing because both enzymes are serine proteases in family S9A (Fü lö p et al., 2001) . GmPOPB is unlike other described POPs in several regards. It accommodates peptides as large as 35 amino acids, it does not efficiently use the synthetic chromogenic substrate Z-Gly-PropNA, and it catalyzes macrocyclization. GmPOPA, on the other 
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Peptide Cyclization by Prolyl Oligopeptidase hand, is a more typical POP; it can cut a 25-mer but not a 35-mer (Koida and Walter, 1976; Li et al., 2010) , it efficiently uses the chromogenic substrate, and it does not catalyze cyclization. While the current paper was in preparation, butelase 1 was shown to be a peptide cyclase involved in cyclotide biosynthesis (Nguyen et al., 2014) . GmPOPB and butelase 1 have comparable turnover rates (5.6 versus 0.6-17 s À1 ), both of which are much higher than PCY1 or PatG. The K m values of butelase 1 and GmPOPB are also similar (31-213 and 25 mM, respectively). Butelase 1 cyclizes not only derivatives of kalata B1, but also sequence-unrelated peptides (Nguyen et al., 2014) . However, unlike GmPOPB, butelase 1 was not successfully overexpressed in a heterologous system, which limits its availability for further studies. Insofar as POPB might have biotechnological applications, AbPOPB could prove more versatile than GmPOPB, because Amanita mushrooms make many more types of small cyclic peptides than Galerina (Hallen et al., 2007; Wieland, 1986) .
SIGNIFICANCE
Ribosomally synthesized cyclic peptides comprise a large class of biologically active natural products. Here we show that the cyclic peptide a-amanitin is processed from its propeptide gene product by an enzyme in the proline oligopeptidase family of serine proteases. In two steps, the enzyme converts the primary propeptide to the cyclic octapeptide.
EXPERIMENTAL PROCEDURES
Transformation of G. marginata Monokaryotic strain CBS 339.88 of G. marginata strain was obtained from the Centraalbureau voor Schimmelcultures, Utrecht, the Netherlands, and maintained on potato dextrose agar (PDA) (Luo et al., 2012) . Fresh cultures were used for transformation. A. tumefaciens strain LBA1100, a generous gift of Alejandro Pardo, Universidad Nacional de Quilmes, Buenos Aires, Argentina, was transformed by electroporation (Weigel and Glazebrook, 2006) with vector pHg (Kemppainen and Pardo, 2011) . Fresh colonies from glycerol stocks were used to inoculate seed cultures of Agrobacterium grown in 1 ml Luria broth with 100 mg/ml kanamycin in 10 ml test tubes at 28 C with 200 rpm agitation for 24 hr. This seed culture was used for inoculating 5 ml of minimal medium (Kemppainen and Pardo, 2011) containing 100 mg/ml kanamycin in loosely capped 50 ml plastic centrifuge tubes (Sarstedt) and grown overnight at 28 C and 200 rpm. The cells were pelleted at 9,500 3 g for 10 min at 4 C, the supernatant removed, and the bacteria resuspended in 5 ml of induction medium buffered at pH 5.3 with 40 mM MES and supplemented with 100 mg/ml kanamycin and 200 mM acetosyringone. Bacteria were grown for 6 hr at 28 C with shaking at 200 rpm, at which point the optical density at 600 nm of the culture was typically 0.4 to 0.5 and presented a slightly flocculent appearance. The fungal transformation protocol was a modification of the method developed for L. bicolor (Kemppainen and Pardo, 2011) . Round cellophane membranes (8 cm in diameter) were autoclaved and placed on 9-cm plates of PDA. Small fragments (1 3 2 mm) of fresh G. marginata mycelium were cut from the edge of a colony with a scalpel and placed on the cellophane membrane discs, spaced $0.5 cm apart ($15-20 colonies per 9 cm plate). The plates were incubated at room temperature for 3 days, at which point the colonies were $0.3 to 0.5 cm in diameter. The discs plus fungus were then transferred to agar plates containing P0.2% medium (Kemppainen and Pardo, 2011) supplemented with 200 mM acetosyringone. Each fungal colony was inoculated with 5 to 10 ml of induced Agrobacterium culture by pipetting the bacteria directly onto the colonies. The plates were sealed with Parafilm (Bemis), covered in aluminum foil, and placed in darkness.
After 3 to 4 days, the cellophane discs with the fungal colonies were transferred to selection plates containing HSV-2C medium (Luo et al., 2012 ) in 1.5% agar supplemented with 30 mg/ml hygromycin B. The colonies were resealed and further incubated at room temperature in light. After 2 weeks, pieces of growing mycelium were transferred to fresh HSV-2C agar containing 30 mg/ml hygromycin B. When the colonies reached $3 cm in diameter (10-20 days) they were transferred again to fresh HSV-2C plus hygromycin. This process was repeated two to three times. Transformants were confirmed by colony PCR (Alshahni et al., 2009) and Southern blotting at standard stringency (Luo et al., 2012) .
a-Amanitin was extracted from mycelium of G. marginata using 50% methanol and analyzed by reverse-phase HPLC as previously described (Luo et al., 2012; Sgambelluri et al., 2014) .
Yeast Expression of POP Genes
Subcloning in Escherichia coli DH5a (Invitrogen) used standard procedures. S. cerevisiae YPH501 (Agilent Technologies) was cultured on YPAD medium (1% yeast extract, 2% peptone, 2% dextrose, 0.0075% adenine hemisulfate salt) for competent cell preparation. SD-HIS medium (0.67% yeast nitrogen base without amino acids, 2% glucose, 0.13% amino acid mixture minus histidine) was used as a selective medium for isolation of yeast transformants and SG-HIS medium (galactose instead of glucose in SD-HIS) for total soluble protein extraction. For protein production, yeast cells were grown in 100 ml cultures of SG-HIS with shaking at 200 rpm and 30 C according to the manufacturer's instructions (pESC Yeast Epitope Tagging Vectors, Agilent Technologies). For expression of GmPOP, yeast expression vector pESC-HIS (Agilent Technologies) was used. A 2.19-kb cDNA of POPB (GenBank AEX26938.2) was synthesized by GENEART (Life Technologies), using S. cerevisiae codon bias, and cloned into the ApaI/SalI sites of pESC-HIS. The resulting plasmid, pGM-POPB, had a c-myc affinity tag fused in-frame to the C terminus of GmPOPB. To construct the plasmid for expression of GmPOPA (GenBank accession number AEX26937.2), a 2.25 kb GmPOPA cDNA was synthesized and cloned into the ApaI and SalI sites of pESC-HIS. The resulting plasmid (pGM-POPA) had a c-myc epitope tag fused at the C terminus of GmPOPA. Yeast transformation was performed by the lithium acetate method according to the manufacturer's instructions (pESC Yeast Epitope Tagging Vectors, Agilent Technologies).
GmPOPB and GmPOPA were purified from total soluble protein extracted from transformants carrying pGM-POPB using anti-c-Myc agarose affinity gel (Thermo Scientific) according to the manufacturer's instruction. Yields were $5 mg/l.
POP Assays
The chromogenic POP substrate Z-Gly-Pro-pNA (Sigma-Aldrich) was used at 1 mM in a reaction volume of 100 ml 50 mM Tris-HCl (pH 7.5). After 4 hr incubation at 37 C, the released p-nitroanilide was measured at 405 nm. Each assay typically contained 2 mg enzyme. For assay of POP activity on peptides, the peptides were dissolved at 1 mg/ ml in water, 20 mM Tris-HCl (pH 7.5), containing 1 mM dithiothreitol, or 0.1% trifluoroacetic acid. Reactions were performed at 37 C in a volume of 50 ml.
The temperature optimum was between 35 C and 45 C, and the pH optimum was 7.5. At the end of the incubation, 50 ml of methanol was added and the samples were centrifuged for 5 min. The supernatant was analyzed by liquid chromatography (LC)/mass spectrometry (MS) using an Agilent 1100 pump system and Agilent 6120 quadrupole mass spectrometer equipped with autosampler and multiwavelength UV detector. The column was a reverse-phase C18 column (RS-2546-W185, Higgins Analytical). Solution A was 0.02 M ammonium acetate (pH 5), and solution B was 100% acetonitrile. Flow rate was 1 ml/min, with a linear gradient from 100% A solution to 100% B solution in 20 min. UV absorbance was monitored at 220, 250, and 280 nm. For the kinetic studies, the reaction conditions were 20 mM Tris (pH 7.5), 10 mM dithiothreitol, and 30 min at 37 C. Each reaction contained 15 ng (0.18 pmol) of enzyme in 50 ml. Reactions were stopped with methanol and analyzed as above by HPLC. Kinetic constants were calculated using nonlinear curve fitting with GraphPad Prism (GraphPad Software).
Chemically synthesized peptides were supplied by Bachem or Elim Biopharmaceuticals. Peptide structures were predicted using PEP-FOLD (Thé venet et al., 2012) . Recombinant mammalian POP was purchased from Sigma-Aldrich. Two micrograms were incubated with 10 mg GmAMA1 for 3 hr at pH 7.5 and 37 C. Protein concentrations were measured using BCA (Pierce Biotechnology) with BSA as standard.
Large-Scale Purification of Cyclic Product, cyclo(IWGIGCNP) GmPOPB protein (5 mg) purified on a c-myc affinity column was incubated with 10 mg GmAMA1 for 15 hr at 37 C. Progress of the reaction was monitored by HPLC as described elsewhere. The protein was removed by precipitation with 50% v/v methanol followed by centrifugation. The supernatant was dried under vacuum and redissolved in 4 ml 20 mM ammonium acetate (pH 5). The product was purified on a preparative C18 column. 
